Metal-organic frameworks (MOFs) are porous materials constructed from metal ions and organic ligands. They coordinate to produce channels and cages which are large enough to accommodate various molecules. Zeolitic-imidazolate frameworks (ZIFs) are a subset of MOFs which share some structural characteristics with another group of porous materials known as zeolites. The M+-IM-M+ angle (where IM = imidazole) is very similar to the Si-O-Si angle seen in zeolites and it has been shown that this enables them to coordinate to form porous materials with similar coordination geometries. 1 MOFs, and ZIFs, have been studied extensively in recent years due to the potential for these materials to excel in areas such as H 2 storage and CO 2 capture; [2] [3] [4] areas which are being driven by government policies and targets. 5 However, for these materials to be economically and industrially viable then a method for their large scale production and activation needs to be established. In recent years novel methods for synthesising MOFs have been reported such as microwaves, [6] [7] [8] [9] ultrasound, 10 and mechanochemical synthesis 11 which can benefit from reduced synthesis times and easier post-processing of products; however, none of these techniques have been adapted for the continuous production of MOFs. There are only a few reports for the continuous production of MOFs. 17 reported the continuous synthesis of HKUST-1, UiO-66 and NOTT-400 using a reactor with a T-piece mixer which is followed by a heating unit, where the whole system is held under a pressure of ~7 bar. A similar t-piece reactor with post-heating was used to continuously produce a cerium-terephthalate MOF at 100 bar.
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Where reported, the space-time yields for the different MOFs and techniques described above have been tabulated (Table 1) . As a comparison, the MOFs produced by BASF [19] [20] [21] using an electrochemical process which are sold via Sigma Aldrich under the trademark Basolite® have also been included. ZIF-8 has been shown to be thermally stable up to a temperature of 450 °C and also to be chemically stable with respect to boiling water, aqueous sodium hydroxide solutions and benzene. 1 Venna et al. 22 also reported that ZIF-8 shows selectivity towards CO 2 over CH 4 which makes this MOF a good candidate to be scaled-up for industrial processes such as carbon capture and storage (CCS). Many groups have reported the hydrothermal synthesis [23] [24] [25] [26] and continuous synthesis of ZIF-8, 14 but to the best of our knowledge, none have reported the continuous hydrothermal synthesis of ZIF-8. Using the same reactor technology used to synthesise HKUST-1 and CPO-27 in 2012, 12 the continuous production of ZIF-8 in a purely hydrothermal system has been achieved. This lab-scale process is capable of producing over 200 g per day of activated ZIF-8. Using the internal volume of our rig, 55 mL, the space-time yield for this method is calculated to be 3,875 kg m -3 per day (full details can be found in the ESI), which is an increase on the values which have been reported previously (Table 1 ). This reactor technology has already been scaled to 30 times the flow capacity which would enable the production of ~6 kg per day. Characterisation of the products synthesised using this technology shows that the materials have similar properties as batch-produced materials, making this a viable industrial method for producing ZIF-8. Figure 1 shows a schematic of the counter-current reactor design which was used for the synthesis of ZIF-8. The setup uses a concentric pipe-in-pipe arrangement which allows rapid mixing of the preheated downstream, delivered through the inner pipe, with the room temperature upstream. 27 This arrangement allows for instant mixing of the reactants and short residence times as the resultant particle suspension exits the top of the reactor where it is rapidly cooled using a cooling jacket. The pressure in the system can be maintained at 240 bar using a back-pressure regulator. For these hydrothermal experiments the organic acid and base were dissolved in the preheated downstream and the metal salt was dissolved in the upstream to prevent any pre-mixing at room temperature which results in a less crystalline product and more impurities. Three of the published methods for synthesising ZIF-8 in batch were adapted for use in the continuous flow method, they are, in addition to zinc acetate and 2-methylimidazole, the use of 1) triethylamine (N(Et) 3 ) 25 2) ammonium hydroxide (NH 4 OH) 26 and 3)
an excess of ligand. 23 All products synthesised without the use of a base were produced in very low quantities therefore the method was not explored further due to the much higher costs of production. The materials synthesised using triethylamine all grew with a rhombic dodecahedral particle morphology. Control over particle size was obtained by varying the concentration of the metal salt solution whilst maintaining the ratio of reagents, 1:4:6 (zinc acetate: 2-methylimidazole: triethylamine) (Figure 2 ). Increasing the synthesis temperature only had the effect of introducing zinc oxide impurities. All products synthesised using triethylamine were unstable during the activation process or gave very low surface areas, thought to be due to the triethylamine being trapped in the pores of the material. Therefore this method of production will not be discussed further. Please do not adjust margins
Please do not adjust margins
The use of ammonium hydroxide results in cubic particles, this is in agreement with the batch experiments performed by He et al. 26 . Powder X-ray diffraction patterns show that ZIF-8 can be produced at room temperature and up to 400 °C using this continuous flow method; ‡ at 400 °C a small amount of ZnO impurities are present (ESI). The effect of temperature on the product is a reduction in the average particle size, a change in the particle morphology ( Figure 3 ) and a small reduction in the BET surface area, assumed to be due to the ZnO impurities ( Figure 5 ). All products synthesised using ammonium hydroxide were successfully activated using a simple ethanol reflux method. ZIF-8 has also been produced on the larger pilot-scale reactor, which uses the same counter-current technology but operates at 30 times the flow-rates of the lab-scale reactor giving a total flow-rate of 900 mL min -1 compared with 30 mL min -1 . The pilot-scale sample was synthesised at 100 °C; XRD shows no evidence of crystalline impurities (ESI) and the BET surface area is consistent with the equivalent lab-scale sample ( Figure 5 ). However, the particle morphology was affected. The materials produced on the lab-scale reactor were consistently cubic, with the exception of those produced at 400 °C which formed truncated rhombic dodecahedra. This morphology was also seen for the particles produced at 100 °C on the pilot-scale reactor. At 400 °C the decrease in the density of the fluid causes a decrease in the residence time through the reactor, which has the effect of reducing the size of the particles. For the pilot-scale sample it is believed that the change in size and morphology was also caused by a reduction in the residence time relative to the lab-scale reactor. Various factors affect residence time within flow systems such as temperature, pressure and pipe geometry therefore it is suggested that under these experimental conditions (where autogenous pressure was used) the residence time in the pilot-scale reactor is not directly proportional to the labscale reactor. These results indicate that the growth of the ZIF-8 particles occurs via truncated rhombic dodecahedra with growth preferentially occurring on the {100} face resulting in cubic particles (Figure 4 ). Figure 4 Growth of truncated rhombic dodecahedron particles to form cubic particles Figure 5 a) Nitrogen adsorption isotherms recorded for samples synthesised at RT, 100, and 400 °C using the lab-scale reactor and at 100 °C using the pilot-scale reactor. SEM pictures of ZIF-8 produced at 100 °C using b) the lab-scale reactor and c) the pilot-scale reactor are also shown.
It should be noted that the initial synthesis of the MOF itself is only the first challenge when seeking to increase the industrial viability of these materials; the second challenge is in the successful activation of the framework which is essential before the porosity of the material can be exploited. Various methods are employed for activating MOFs, the more common methods include, conventional heating under vacuum and solvent-exchange. 28 Two relatively new methods have been shown to be promising techniques for activating a wider range of frameworks, including some that cannot be activated by conventional methods, 29 these are the use of supercritical CO 2 , 28, 30, 31 and benzene freeze-drying. 32 However, all of these techniques are performed in batch which would hinder the high-volume production of application-ready materials. This works demonstrates a simple method for the one-step continuous synthesis and activation of ZIF-8 by a straightforward solvent exchange method. The as-synthesised suspension of ZIF-8 in water was taken immediately after exiting the rig and diluted with ethanol to a ratio of either 1:1, 1:2 or 1:3 (as-synthesised suspension: ethanol). This mixture was then pumped through a coil of tubing at ambient pressure where the coil was 1) held at room temperature, 2) heated to 50 °C in a water bath, 3) sonicated in a water bath at room temperature or 4) sonicated in a water bath at 50 °C. All samples were centrifuged to collect and dried at 70 °C in air at ambient pressure, no further post-synthetic treatments were performed. The residence time within the coil was approximately 5 minutes. PXRD shows that some methods resulted in a small amount of ZnO (ESI) but all showed high surface areas (Table 2) . Room temperature and a ratio of 1:1 were shown to be sufficient to activate the material successfully as highlighted in the table. The use of ethanol, instead of diluting with more water, was necessary as the as-synthesised ZIF-8 forms a very stable suspension in pure water which cannot be centrifuged efficiently. The successful activation of all the ZIF-8 samples and the fact that the activation rig can be easily connected to the synthesis rig (as indicated in Figure  6 ) shows that this method is a viable technique for industrial production which could dramatically cut post-processing times. Figure 6 Schematic showing the combination of the synthesis and activation rigs where the ethanol used for activation is flown in at pump 3, after the back pressure regulator.
The large-scale production of ZIF-8 has been achieved in a continuous hydrothermal system. More importantly this work shows a route to the one-step continuous synthesis and activation of these materials. The ability to activate the material in situ will reduce time and cost of full-scale production. This method represents a viable industrial method for the production of activated ZIF-8. 
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